The present study investigates the characteristics and heat transfer performance of a flat heat pipe (FHP) heat spreader with various wick structures. A flat heat pipe heat spreader exemplifies successful heat transfer applications for highly efficient devices in space, energy technology, electronics cooling etc. The present experimental and simulation results reveal the heat transfer characteristics of a flat heat pipe with various parameters in the range of 5~20W. In the experimental study, eight different wick structures were evaluated in order to find the optimum wick, and various working fluids such as water, acetone, ethanol, and TiO 2 -nanofluids were used since the main driving force comes from the capillary force generated in the wick. The 0.1%-TiO 2 nanofluidic flat heat pipe system exhibited the best heat spreading performance. In the present study, a simulation based on the thermal resistance network with special modified spreading resistance was conducted. The simulation results show a reasonable agreement with the experimental results.
INTRODUCTION
Recently, heat pipes which are heat transfer devices that are easy to constitute in smaller volumes, thinner thicknesses, simple shapes, and larger cooling capacities are widely used to cool electric and electronic components. Also, a heat pipe is an important component found in various smart computing systems.
A flat heat pipe is a heat pipe which has a rectangular plate type and a very thin cross section, unlike existing heat pipe models that have a kind of circular cross section. A flat heat pipe (FHP) has been called as a flat type vapor camber in the electronics cooling field. Flat heat pipes are commonly used in electronic products such as a small space or thin notebooks that cannot contain circular heat pipes because of their size Kim et al., 2003) .
The flat heat pipe heat spreader used in this study consists of an evaporator, wick structure which acts as a passage for liquid state working fluid, a container and *Corresponding author. E-mail: rhi@chungbuk.ac.kr. Tel: +82-432612444, +82-1044377575. Fax: +82-432632441. internal working fluid. The operating principle of the flat heat pipe is described in Figure 1 (a) and shows that, if heat is applied to the device's heater, the column in the upper side is passed to the wick structure through the heater casing. The liquid state working fluid filling the wick structure is evaporated by absorbing the heat, and the steam vapor is spread through the passage formed in the wick, as presented in Figure 1 (a). Hui and Tan (1994) derived a relational formula applying numerical models for the temperature distribution of the thermal diffusion between flat heat pipes and copper heat sinks using the changes in the heat transfer coefficient according to heat source size, thickness of the flat heat pipe, and the heat source and heat sink material. Song et al. (1994) deduced numerical equations for the average and maximum thermal constriction/spreading resistances in the flat plate with a larger area than the heat source. Oh et al. (2001) reported that a shorter length increases the heat transfer performance of a small heat pipe with a copper based mesh wick structure. Avenas et al. (2002) evaluated the thermal performance of a flat heat pipe, and found that 40% of the thermal resistance of the heat pipe is reduced by using pure copper as a wick structure. Kalahasti and Yogendra et al. (2002) compared and analyzed the research on the experimental and numerically analyzed methods of micro heat pipes. Kang and Tsai et al. (2004) manufactured three different types of machining grooves which were 20 µm at the evaporator, adiabatic section, condenser section, and used 100 mesh copper screen wick, and results were obtained up to 35 W with a heat source temperature of 57.78°C. Go and Kim (2004) revealed the possibility of heat pipe thermal diffusion for low cost devices by developing a heat pipe with dimensions of 83 × 69 mm, a thickness of 1.67 mm and a rectangular structure with a micro-wick structure using metal etching technology. Kwark (2005) presents experimental research of a simple thermosyphonic liquid heat spreader fabricated using thin copper blocks and copper tubes saturated with water at 2.29 psia. It exhibited remarkable thermal performance by dissipating heat flux of 119 W/cm 2 with below 100°C chip temperature as a typical condition. Thomas et al. (2005) present a heat spreader to cool a microprocessor with micro channel heat pipe that can capture and transfer heat flux in excess of 200 W/cm 2 . Wang (2011) investigated the performance of a vapor chamber (10 cm × 8.9 cm with a 2.1 cm × 2.1 cm or a 1.1 cm × 1.1 cm heating area), in which parallel grooves were made on the inner surface of the top plate with inter-groove openings, while the inner surface of the bottom plate was sintered. In their study, the vapor chamber resistances were measured for an increasing heat load from 80 W to beyond 300 W. Their investigations were performed using various combinations of time step size and relaxation parameters, to obtain a stable, converged result. Typical distributions of the field variables in the vapor core of the type of large flat plate heat pipes analyzed were also presented and discussed.
Wang (2011) reports on the theoretical, simulation and experimental studies of a light emitting diode (LED) vapor chamber using the illumination-analysis method to investigate the thermal performance of three kinds of LED based plates. His results show that the thermal performance of the LED vapor chamber-based plate is Yu et al. 1763 better than that of the LED copper-based plate with an input power above 5 W. However, the wick structure of the vapor chamber is not finely defined, which is the main driving force. Wong et al. (2012) studied the evaporation process in the wick of an operating flat plate heat pipe with a sintered two-layer 100 + 200 mesh copper wick (0.26 mm thick) and three different working fluids such as deionized water, methanol and acetone. Their results indicate that the maximum heat loads for water are far greater than those of methanol and acetone.
A nanofluid that is used in the present FHP system is a TiO 2 -nano particle suspension in a conventional host fluid which enhances the thermal and heat transporting characteristics of the conventional fluid (Choi, 1995; Das et al., 2003) . Most of the investigations of a heat pipe with nanofluids have been carried out experimentally with indefinite results such as reduction of thermal resistance, enhanced critical heat flux, particle deposition and particle aggregation etc. (Chien et al., 2003; Tsai et al., 2004; Kang, 2006; Ma et al., 2006; Lim et al., 2010; Han et al., 2011) . Maryam et al. (2010) established analytical models to study the effect of using a nanofluid within flatshaped heat pipes. They established the existence of an optimum nanoparticle concentration level and wick thickness to maximize the heat removal capability of a flat-shaped heat pipe.
The purpose of this research is to pioneer and apply a new application of nanofluids and various wick structures. A novel idea applied to the heat pipe heat spreader is to suspend nano-metal particles in the base fluid to improve the fluid's thermal properties. In the present study, the flat heat pipe's heat transfer and diffusion performance in accordance with the wick structure and working fluid were analyzed to evaluate the various effects.
Analysis (thermal resistance analogy)
The simulation with a thermal resistance network model of the flat heat pipe can predict various performance parameters and the temperature distribution from the heat source to the sink with one-dimensional analysis.
By default, the simulation method in this study was performed by the thermal resistance network model. The thermal resistance model described in Figure 1 (a) shows that the thermal resistance model must be determined through the various two phase flow parameters involved. Initially, the working fluid of a FHP obtains the heat at the bottom surface of the evaporator section. As the fluid progresses along the evaporator section and the heat spreads to the side edges, the vapor fraction increases and hence the apparent flow velocity increases. Twophase forced convection becomes dominant in a thin micro flat space. The simulation estimates the temperatures along the flow passage of the FHP. The entire simulation of the thermal resistance model is Spreading thermal resistance (Song, 1994) :
In this study, Song's modified equation is suggested to identify the current experimental results with empirical constant, C. Where, C is a constant obtained from experimental results, the value of C = 10.0 was estimated and used in the simulation. Evaporation thermal resistance:
Thermal resistance from the evaporator's vapor passage by Clapeyron equation (Chi, 1976) : Verifying the empirical correlations of the nucleate boiling heat transfer coefficient was necessary to model the internal evaporative heat transfer phenomena of a flat heat pipe. Among them, Savchenkov and Gorbis (1976) 's interaction equation was analyzed, and was found to be similar when the experimental data and calculation were verified with it.
Yu et al.
1765 Savchenkov and Gorbis (1976) :
To identify condensation thermal resistance, the results analyzed by Nusselt's film condensation theory (Holman, 1996) are close to the experimental data . Nusselt (Holman, 1996) :
EXPERIMENTALS
As shown in Figure 2 (a) and (c), to evaluate the heat transfer performance of the flat heat pipe with various types of micro wicks, an experimental system with a variety of easily replaceable wick structures was designed, and conducted to find the optimum wick structure for a flat heat pipe. A simple connectable and bolt jointed evaporation and condensation section was designed to enable a comprehensive experimental study with various wicks.
As described in Figure 2(b) , at the top of the FHP, a copper case, wick, and silicone pad were assembled in that order. The bolts at the top of the condenser section case were fixed by Teflon and copper plate to tightly connect the top and bottom plate. The empty wick space was manufactured to install various wick structures [150 × 100 (mm)]. The thickness of the bottom plate (evaporation part) and the top plate (condensation part) was 2 mm. When the side sealing pads (1.3 mm, when pressure squeezed; 0.3 mm) and the other parts were tightly assembled, the actual internal flow thickness was 0.8 mm.
The FHP system used in this experimental study was manufactured with copper at the full-size of 170 × 120 × 5.8 (mm). The total thickness of the flat heat pipe depends on the type of internal wicks, and the wick size of the experimental system was 150 × 100 (mm). Figure 2 (c) shows a photo of the metal fiber wick taken by scanning electron microscope (SEM). According to the tests, the measured pore size (r), porosity (ε) and permeability (α) are SUS (r = 15 µm, ε=0.9, α= 2 ). The heater was made of 150 W power cartridge heaters, and the total heat supplying area was 1250 mm 2 . The amount of power supplied to the heater was calculated by measuring the voltage and current supplied by the power transformer (UP 3050). To prevent heat loss, all sides of the heater surface, except the sides attached to the evaporation section, were insulated. The contact space between the heater and evaporator were filled with a thermal contact pad (k = 2 W/m·K), and the condenser section was cooled by the 80 mm axial fan. As shown in Figure 2(b) , to measure the temperature of the system, nine thermocouples at the top and bottom of the heat pipe and one thermocouple (K-Type) on the heater surface were installed at 19 points. To measure the isotherm distribution of the instantaneous temperature, an infrared thermometer was used to observe and record.
From 5 to 20 W, the amount of heat supplied was varied in 5 W steps, and both natural and forced-convective experiments were conducted. In addition to the horizontal mode, experimental data with a 45° and 90° (vertical mode) orientation in 20 W were analyzed. A fan was installed 100 mm above the condensation section.
To find the most suitable working fluid for the system, refrigerants such as ethanol, water, acetone and nanofluids were tried under various conditions. Theoretically, any kind of fluid could be used as the working fluid, but water was the best choice. Water has a high latent heat thermal property, permits the transmission of heat more than all other working fluids, is cheap, easily available, and is noncombustible. In the present study, the TiO2-nanofluids used were particle suspended fluids with TiO2 nanoparticles ranging in size from 27 to 56 nm with water as the base fluid, and was supplied by NanoANP Co, Korea. The nanofluids were mixed in the TiO2-nanofluid and water, and the mixture was sonicated for 16 to 20 h to get a reliable mix in an ultrasonic bath with a specified volume concentration (DaeRyun Science Inc., Korea).
An important constraint in the operation of a flat heat pipe is the effect of the amount of working fluid charged in the heat pipe. Imura et al. (1993) suggested a useful estimation for V + . In the present study, the charged amount of working fluid was estimated as the ratio V + , which was defined as the ratio between the volume of charged amount and the total inner volume of the heat pipe. The optimum amount was investigated experimentally. With the resulting information, one can determine the optimum amount of a given working fluid, so a series of experiments were carried out to determine the optimum V + . In the preliminary test, V + = 0.5~0.6 performed the best, so various investigations were conducted with this ratio.
Data acquisition device MX100 Yokogawa was used, and the working fluid was injected into the device after the inner pressure reached to 0.01 torr in vacuum. As shown in Figure 3 , various experiments with eight wick types were performed to find an optimum wick. Also the experimental combinations between wick structures and working fluids were specified in Table 1 .
Before the start of an experiment, the FHP was thoroughly cleaned and washed with ethanol and then with distilled water. Great care was taken to remove all the air and other noncondensable gases from the charging system. The power to the evaporator section was carefully increased in increments to the desired heat flux. It took approximately 1 h to reach steady state.
The air flow velocity and air temperature were measured with the thermo-anemometer. Once the system was stable, all the data were recorded. After each series of tests for a given working fluid, the FHP was again thoroughly cleaned, washed, vacuum dried and checked for leaks. After the system was evacuated, a known amount of a new test working fluid was charged into the test tube and the subsequent series of tests was performed using the same procedures.
The heat loss through the system was negligible because the heating and the evaporator sections were well insulated. The uncertainties involved in the data reduction for the heat transfer performance and thermal resistance were generally due to the inaccuracy of the temperature and the power measurements read from the instruments. Despite the fact that the readings of the power and the temperatures were recorded with a regulated DC power supply (±0.03% for voltage and current) and MX-100 Data acquisition system (±0.05% for temperature). The uncertainty for thermal resistance based on supplied heat was ±0.28%.
RESULTS AND DISCUSSION
In order to evaluate the performance of heat pipes, the thermal resistance of the heat pipes was compared with various wick structures. The FHP with various wick structures was tested with a variety of working fluids such as water, acetone, ethanol and the nanofluids. Figure 4 shows the performance of the flat heat pipe developed in this study in terms of thermal resistance on Q. Figure 4 (a), with a natural convection mode, the best cooling performance was obtained from wick 6 with ethanol in the range of 5~15 W. In the 20 W of heat flux, the flat thermosyphon exhibited the lowest thermal resistance. Nanofluidic FHP had low thermal resistance compared to other combinations, but mainly the thermosyphhonic system [Wick (a), (e), and (f)] has better heat transfer performance. As shown in Figure 4 (b) for forced convection, with the exception of 20 W, systems using 0.1% -TiO 2 -nanofluid showed the most suitable heat transfer performance. This is due to the improvement of heat transfer performance caused by an increase in thermal conductivity. In addition, somewhat better enhancement of heat transfer performance was observed with an increase in nanofluid concentrations, and various thermal performance evaluations were performed based on it. The worst FHP performance was obtained from (c) wick 2 with water as the working fluid. This implies that the complex wick structure in micro flat space is unsuitable. From Figure 4 (a) and (b), it could be considered that the thermosyphonic FHP heat spreader showed better performance in both natural and forced convection mode. But the TiO 2 -nanofluidic system with thermosyphonic structure showed slightly lower thermal resistance compared to other working fluids. In Figure 5 , using the temperature difference between the heater temperature and ambient temperature according to changes in the orientation of the FHP system, the thermal performance was evaluated. The experiments were carried out using pure water, acetone and ethanol as working fluids for different wick structures. As shown in Figure 5 , depending on the orientation, there did not seem to be a large difference in the heat transfer performance, so it seems that the current flat heat pipe was not greatly affected by the orientation. The results with (a) ethanol (V + = 0.6) showed a slight orientation effect; however, the others with ethanol showed a similar trend with other wicks and working fluid combinations.
Because the FHP used in this research was air cooled in the forced convection mode, the effect of inlet air flow velocity in the condenser was investigated, as shown in Figure 6 . Figure 6 shows the effect of the air velocity in the condenser section on the overall temperature difference, ΔT h-c of the systems. The velocity of air on the condenser section is a factor which affects the heat transfer capability of the system. It was seen that the total thermal resistance was reduced because of the increased convective heat transfer on the condenser section. However, Figure 6 also shows that an increase in the air velocity greater than 1.9 m/s did not significantly increase the overall heat transfer capacity of the assembly. The reason for this phenomenon is that the air flow velocity on the condenser section has little effect on the forced convection heat transfer coefficient (h cond ), once the air velocity is greater than 1.9 m/s. Even though the heat transfer capacities of the working fluids were different, a similar tendency was observed.
As shown in Figure 7 , when the temperature distribution of FHP was 20 W input power, the system showed the most outstanding performance. Also, when using the 0.1% -TiO 2 -nanofluid, the difference of the spreading temperature distribution was 5°C. It is a more outstanding performance than the 16°C difference that occurred when distilled water was used.
As shown in Figure 8 and 9, the temperature distribution with sintered copper wick and water as the working fluid had comparable results in the case of thermosyphon and FHP with copper fiber wick structure with two heat inputs (5 W for Figure 8 , and 20 W for Figure 9 ). As shown in Figure 8 and 9, the simulation result for the one-dimensional thermal resistance network model was recalculated and compared to the twodimensional isothermal temperature distribution in FHP, and the entire temperature distribution due to the heat spreading nearly matched the temperature distribution simulated with modified Song et al.'s (1994) equation. Through continuous comparison between the experiment and simulation, the experimental constant value of spreading thermal resistance C value in Equation 5 was derived to be 10.0.
Conclusion
The purpose of this study was to evaluate the performance of flat heat pipe heat spreader and increase the thermal diffusion and cooling efficiency, as well as, Yu et al. 1771 (a) (b) determines the effect of various wick structures and working fluids on heat spreading performance. The performance of the FHP was evaluated by applying various wicks. Experiments to evaluate the heat transfer performance were carried out up to the maximum 20 W heat input. A high heat transfer and cooling performance
